ABSTRACT: Spatially expl~cit crop models were developed from mechan~stic principles to lnvestlgate the reglonal impacts of climate change. The approach highlights the spatial variability of crop responses to altered environmental conditions. The mechanistic nature of the models allows some conf~d e n c e to be placed in the results that are produced under cllmate change scenarios Two crop models have been constructed and applied across a large European region: EuroWheat (winter wheat) and EuroSunfl (sunflower). Model results were compared w~t h observed phenology and yield across a variety of scales and found to capture the current spatlal v a r~a b i l~t y
Assessments using site-(small-) scale models of Europe's major crops are commonly used to analyse detailed physiological responses of crops to changes in climate on a daily time scale (Bindi et al. 1996 . Such models are developed from detailed information gained from specific experiments and aim to describe mechanistically the processes of crop development, growth and yield formation. The mechanistic approach of these models allows scientists to have confidence in the results that they produce under climate change scenarios (Carter et al. 1994 ). On the other hand, large-scale modelling studies often rely on the use of semi-empirical indices to identify regions of crop suitability (Carter et al. 1991 , Kenny & Harrison 1992 ). Empirical models provide reliable predictions only within the boundaries of the variables from which they are constructed. This restricts their value for climate change impact assessment (Carter et al. 1994) .
What is needed is a mechanistic-based approach for large scale modelling. It is not possible to simply apply site-specific crop models over large regions, such as the European continent, due to their requirement for detailed input data and local calibration. Previous studies have run models at sites which are considered representative of predefined homogeneous areas to derive regional changes in crop production (Wolf & van Diepen 1991 , Easterling et al. 1993 , Papajorgji et al. 1994 . The advantage of this approach is that detailed modelling techniques can be applied to the representative sites. The disadvantage is that little information on the spatial patterns of change can be determined. Such approaches may be appropriate in regions, such as the American Midwest, where there is little spatial variability in the environmental factors which affect crop growth. However, they are not suitable in Europe where there are no large homogeneous regions in terms of climate, soils and topography. Analysis of the climate of Europe by Orr & Brignall (1995) showed that unique combinations of variables represent quite small areas and similar climates may not be geographically proximate.
This paper describes an alternative method for assessing the regional impacts of climate change using spatially explicit crop models which are based on mechanistic principles. This approach retains the spatial variability of crop responses across the European region, enabling investigation of bioclimatic shifts in crop productivity and identification of sensitive areas and changes in regional disparities. The mechanistic approach also produces more reliable predictions of responses to possible future changes in climate than previous empirically-based studies. In the final section of the paper, the models are applied to 3 climate change scenarios to predict possible changes in future wheat and sunflower productivity.
Two spatial crop models are described: EuroWheat (winter wheat) and EuroSunfl (sunflower). Winter wheat (Triticum aestivum L.) is a n autumn sown long duration crop which is currently grown extensively throughout Europe. In contrast, sunflower (Helianthus annuus L.) is a spring sown crop with a much shorter growing period whose major areas of cultivation are presently restricted to southern and central Europe. The complexity of each model was dependent on data availability and the degree of existing knowledge for the particular crop. Sufficient information was available for wheat and sunflower to allow the prediction of phenological development, potential yield and waterlimited yield across Europe.
DATABASE DESCRIPTION
A prerequisite to a mechanistic-based modelling approach is the availability of necessary climatic, edaphic and agronomic data over the region of interest. A spatial climatic database for Europe has been constructed at a resolution of 0.5" latitude by 0.5" longitude (Hulme et al. 1995) . This database contains monthly minimum, mean and maximum temperatures, precipitation, global radiation, relative humidity and wind speed for the climatic normal. Daily minimum and maximum temperatures and radiation were estimated from monthly values using a sine curve interpolation routine (Brooks 1943) . Errors associated with a number of methods for estimating daily climatic data from monthly values, including a sine curve interpolation routine, were evaluated in Harrison (1994) and found to be small for the prediction of phenological development in wheat. Monthly estimates of potential evapotranspiration (PET) were calculated using the Penman method (Penman 1948) . The available waterholding capacity of the soil was estimated using the methodology and database developed by Groenendijk (1989) at a 0.5" latitude/longitude resolution. Agronomic data were obtained from the Food and Agriculture Organisation of the United Nations (FAO), Statistical Office of the European Communities (EUROSTAT) and from experiments reported in the literature. Statistics collated include yield, area planted and observed dates of developmental stages.
MODEL DESCRIPTION
EuroWheat and EuroSunfl are each divided into 4 linked submodels which predict sowing dates, phenological development, potential yield and water-limited yield. Each submodel is based on an existing site-specific mechanistic model or information taken from the literature.
Sowing
Sowing dates for both wheat and sunflower vary widely throughout Europe. To determine present and possible future optimal sowing dates in Europe a climatic criterion is required.
Winter wheat is an autumn-sown crop with a cool temperature requirement (vernalization) in its early development stages. In southern Europe there is a relatively short time period over which vernalization can take place and, thus, wheat is sown close to the time when vernalization will be most effective (M. Bindi & F. Miglietta pers. comm.). Vernalization of winter wheat occurs between -4 and 17°C with an optimum temperature range of 3 to 10°C according to the AFRC-WHEAT model ( W e~r et al. 1984 ( W e~r et al. , Porter et al. 1987 . Sowing time in the EuroWheat model is defined as the first day of autumn when the mean temperature is 11.75"C or lower. The value of 11.75"C is threequarters of the way between the maximum vernalizing temperature of 17°C and the beginning of the optimum range (10°C). This assumes that temperatures will decrease sufficiently to be within the optimum vernalizing temperature range shortly after sowing. Predicted sowing dates agree well with observed sowing dates throughout Europe. In southern Finland, winter wheat is sown in late August/early September (Mukula & Rantanen 1989) . This corresponds with a simulated date in early September in the model. The average sowing date for winter wheat in The Netherlands and Hungary is mid-October (J. Wolf pers. comm., 2. Harnos pers. comm.) which fits with the predicted date. In Spain, Italy and Greece sowing dates vary from late October to early December, which also agree well with the climatic criterion (Narciso et al. 1992 , Bindi et al. 1993 .
Sunflower is a spring-sown crop which yields well with high radiation. Sowing is generally timed so that the growing season corresponds to the period of maximum radiation receipt at any location. This was represented in EuroSunfl by identifying the first day of spring when the mean temperature is 10°C or higher. A 10°C temperature threshold is confirmed by Narciso et al. (1992) as the optimal temperature for sowing. This criterion predicts a broad range of sowing dates in central and southern Europe from January to early May. Sowlng in January and early February was considered to be an unrealistic managemenl practice and a further constraint was added to fix the earliest possible date of sowing at 15 February. Predicted sowing dates from mid-February to mid-April in Spain, Italy and Greece are consistent with those reported in the literature (Narciso et al. 1992 ).
Phenological development
The phenological development submodel in EuroWheat is based on the AFRCWHEAT simulation model (Weir et al. 1984 , Porter et al. 1987 . It predicts wheat development through the interaction of thermal time, photopenod and vernalization. Dates of emergence, floral initiation, double ridges, terminal spikelet, anthesis, beginning and end of grain filling and physiological maturity are calculated by the model on a daily time step. Input data are minimum and maximum temperature, sowing date and latitude.
The phenological development submodel in EuroSunfl is based on thermal time. Most cultivars of sunflower are classified as insensitive to photoperiod (A. Merrien pers. comm.) although it has been reported that both short and long days can accelerate sunflower development (Doyle 1975 , Hammer et al. 1982 , Goyne & Schneiter 1987 . Flowering can occur over a wide range of daylengths and, hence, photoperiod was assumed to be inconsequential when predicting development over a wide range of locations (Kiniry et al. 1992) . Dates of flowering and physiological maturity are calculated by the model on a daily time step. Input data are mean temperature and sowing date.
Potential growth
The potential growth submodel in EuroWheat is based on the Sirius simulation model (Jamieson & Wilson 1988 , Jamieson 1989 , Jamieson et al. 1996 . In EuroSunfl a similar, but slightly simpler, temperatureand radiation-based model is used. Final potential yield is accumulated by both models on a daily time step. Input data are minimum and maximum temperature, radiation, sowing date and phenological development stages.
Canopy development is modelled as a function of leaf area index (LAI). For wheat, LA1 is calculated in 4 stages throughout the growing season: firstly, by an exponential function of thermal time from emergence to an LA1 of 5; secondly, by a linear function of thermal time from a n LA1 of 5 to the maximum LA1 of 8.5; thirdly, by a constant value from an LA1 of 8.5 to anthesis; and finally, by a quadratic function of thermal time from anthesis to the end of grain filllng. For sunflower, LA1 is calculated by an exponential function of thermal time up to a maximum LA1 of 3 at anthesis after which it declines exponentially (based on Chapman et al. 1993) . The interception of radiation by the canopy is calculated from the downward light flux density at the top of the crop canopy, the LA1 and an extinction coefficient (k) (Monsi & Saeki 1953) . For wheat k is fixed at 0.45, whilst for sunflower k is calculated by a power function of LA1 throughout the growing season and is generally between 0.85 and 0.95 (Zaffaroni & Schneiter 1989) . Intercepted photosynthetically active radiation (PAR) is assumed to be 50% of the total intercepted radiation, to account for the use of global radiation input data. Dry matter is accumulated using a radiation use efficiency (RUE) of 2.2 g MJ-' for wheat and 2.0 g MJ-' for sunflower. Final yield is determined for wheat assuming all dry matter accumulated after anthesis is translocated to the grain plus 20% of the dry matter which has accumulated by anthesis. For sunflower, potential yield is calculated from total dry matter using a harvest index of 0.25 (Kiniry et al. 1992) .
Elevated concentrations of atmospheric carbon dioxide have been found to increase the rate of photosynthesis for C j crops such as wheat and sunflower (Poorter 1993) . This is included in the EuroWheat and EuroSunfl models through an increase in RUE with increasing CO2. Increases in RUE of 30 and 20% are used for wheat and sunflower, respectively, for a dou-bling of CO2 (Mitchell & Lawlor 1993, J. R. Kiniry pers. comm.) . A linear relationship is assumed for lower CO2 concentrations.
Water limitations to growth
The water-limited growth submodels in both EuroWheat and EuroSunfl are based on the FAO cropspecific water balance model (FAO 1986) . Input data are the water-holding capacity of the soil, precipitation, potential evapotranspiration (PET), sowing date, phenological development and potential yield. Spatial precipitation data for Europe are available only at a monthly temporal resolution on the 0.5" latitude/longitude grid. There are many problems and uncertainties in estimating daily precipitation from monthly totals. Hence, the water-limited growth model is run on a monthly time step.
Crop water requirements are calculated by adjusting PET according to the crop demand for water over a particular development stage, using a crop coefficient. Crop coefficients have been derived by the FAO (1986) for many crops from the ratio between potential and actual crop evapotranspiration. For winter wheat, the FAO (1986) report that crop coefficients are fixed at 0.3 throughout the period of winter dormancy. They begin to increase when the crop resumes active growth, reaching 1.0 when full crop cover is achieved. After anthesis coefficients fall to a value of 0.5 at maturity. The changes in the water demand of the crop reflect the expansion of leaf area through the growing season. Hence, in the EuroWheat model, crop coefficients are calculated by a linear function of LA1 varying between 0.3 and 1.0 as LA1 increases and between 1.0 and 0.5 as LA1 decreases. For sunflower, the FAO (1986) report that crop coefficients increase from 0.3 at emergence to a maximum of 1.05 at flowering. After flowering they fall to a value of 0.4 at maturity. In the EuroSunfl model, crop coefficients are calculated by linear interpolation between these developmental stages at the daily time step. Coefficients are then averaaed for each month. The difference between Drecalculation of potentiaI yield is taken to represent the maximum possible yield for winter wheat and sunflower. The WRSI values and the FAO classification (Table 1 ) are used to adjust potential yield to account for water-limitations.
Elevated concentrations of atmospheric carbon dioxide have been found to decrease the transpiration rate of C, crops (Tyree & Alexander 1993) . This is incorporated in the EuroWheat and EuroSunfl models through an adjustment factor applied to the crop coefficients. Goudriaan & Unsworth (1990) calculated a reduction in daily transpiration of 0.897 for Cg crops grown under doubled CO2. Hence, crop coefficients are reduced by 10% for a doubling of CO2 from 350 to 700 ppmv for both wheat and sunflower. This reflects a n increased water use efficiency under elevated CO2. A linear relationship is assumed for lower CO2 concentrations.
Other suitability constraints
Selected components of different site-specific models were used in the development of the EuroWheat and EuroSunfl models in conjunction with information from the literature. These were sufficient to delimit the area of sunflower suitability, as this crop is mainly constrained by temperature in Europe (A. Merrien pers. comm.). However, for winter wheat it is necessary to incorporate 2 further constraints to suitability (severe winters and excessive rainfall).
The northern limit to successful winter wheat cultivation in Europe is in Finland, where it is grown in southern and southwestern regions between latitudes 60" and 61" 30' N (Mukula & Rantanen 1989) . Beyond this, significant crop losses occur from damage caused by ice and water during winter. The mean minimum January temperature at the margin of suitability in Finland is approximately -11.5"C. Hence, in EuroWheat the probability of significant crop losses due to winter damage is considered to be too great in areas with mean minimum January temperatures less than requirement satisfaction index (WRSI). FAO (1986) relate the WRSI to the final yield of a crop based on the correspondence between the percentage of satisfaction of water requirements and the percentage of the maximum foreseeable yield for a given crop and locatlon (Table l ) . In this analysis, the d cipitation and available soil water Is determined for In areas of excessive rainfall the probability of achieving effective establishment of winter wheat and its subsequent harvest is so low that the risks of crop failure outweigh any benefits of growing wheat (Russell & Wilson 1994). Bunting et al. (1982) reported that wheat cultivation is generally prevented if mean annual precipitation is greater than 1000 mm. However, such a constraint does not take into account the changes in evapotranspiration or soil moisture status that may occur with climate change. Hence, a constraint based on a n accumulated soil water surplus throughout the period of crop establishment was developed and calibrated for the present situation against Bunting et al.'s precipitation threshold. This identifies western Norway, western Great Britain, western Ireland, northwestern Spain and western parts of the former Yugoslavia as being unsuitable for winter wheat cultivation d u e to excessive rainfall.
CURRENT WHEAT AND SUNFLOWER PRODUCTIVITY
The EuroWheat and EuroSunfl models predict development for a specified cultivar (CV.) across Europe. However, many different varieties of winter wheat and sunflower are cultivated in different regions of Europe depending on environmental conditions, local pests and diseases and management practices. Further, cultivars which are considered optimal for a region under the present climate may become sub-optimal with climate change. Existing cultivars originating in other areas or entirely new cultivars may be more appropriate in the future. Thus, 6 winter wheat varieties (Table 2) and 3 sunflower varieties (Table 3) were modelled throughout Europe. Detailed results are described for 1 variety of each crop: CV. Avalon for winter wheat and CV. Cerflor for sunflower.
Phenological development
Dates of physiological maturity for winter wheat range from early June to late July in southern Europe a n d from late July to mid-August in central and northern Europe for the range of varieties. These predictions correspond with dates of maturity reported for 25 countries in the study region by Broekhuizen (1965) , Bunting et al. (1982) , Weir et al. (1984) , Reinink et al. (1986) , Crofts (1989) , Narciso e t al. (1992), Nonhebel (1993) and Russell & Wilson (1994) . The date of maturity for CV. Avalon a s predicted by the EuroWheat model is shown in Fig. l Sunflower maturity dates range from July in southern Europe to October in northern Europe for the 3 modeIled varieties. Predictions are consistent with those reported in the main sunflower producing countries of Spain, France, Jtaly and Greece (Narciso et al. 1992 , F. Michaux, Semences CARGILL, Saint-AmandLongpre, France, pers. comm., R. Slade, PANNAR (UK), Blandford, UK, pers. comm.). The date of maturity for CV. Cerflor as predicted by the EuroSunfl model is shown in Fig. l 
Potential yield
The distribution of potential wheat yield for CV. Avalon and potential sunflower yield for CV. Cerflor is shown in Fig. 2 . Potential wheat yields are highest in southern Europe, due to higher radiation receipts, where they are u p to 12 t ha-' and lowest in northeast Europe where they range from 7 to 10 t ha-' Across most of central and northwest Europe potential yields of between 8 and 10.5 t ha-' are predicted. Sunflower yields range from 2 to 5 t ha-' for most of Cerflor
Europe. The highest yields are predicted in continental central-eastern Europe where the growing season is long and radiation receipts during seed filling are high. The predictions of potential growth correspond with expert opinion and statistics from experimental stations where optimal growing conditions have been maintained throughout the season. A winter wheat experiment at IACR-Rothamsted Experimental Station, UK, on CV. Avalon with full irrigation and nitrogen fertilization produced an average grain yield of 8.28 t ha- ' in 1984 -85 and 9.3 t ha-' in 1985 -86 (Weir 1988 , Barraclough et al. 1989 ). Russell & Wilson (1994 state that wheat yields from high input farming systems now regularly exceed 10 t ha-' in northwest Europe. These figures agree with the EuroWheat prediction for northwest Europe (8 to 10.5 t ha-'). A sunflower experiment conducted in Toulouse, France, under potential growing conditions produced irrigated yields of 4 t ha-' in 1989 (Kiniry et al. 1992 ). Irrigated sunflower yields in Greece are reported to vary between 2.5 and 4 t ha-' (Narciso et al. 1992 ). These observations are consistent with EuroSunfl predictions of 2 to 5 t ha-' for Europe.
Water-limited yield
The WRSI predicts very good yields for winter wheat across most of central and northern Europe. This implies that there are no significant water limitations to wheat growth for the 1961-1990 climatic normal. In southern Europe the classification varies from mediocre to poor crop performance. This implies that only 10 to 50 % of potential yield will be achieved without irrigation ( Table 1 ). The distribution of waterlimited wheat yield for CV. Avalon is shown in Fig. 3a . The lowest water-limited wheat yields are predicted in southern Europe and vary from 1 to 5 t ha-'. In central and eastern Europe wheat yields range from 6 to 10 t ha-', whilst in northwest Europe yields of 8 to 10.5 t ha-' are predicted.
For sunflower much of the area of current suitability is classified as water-limited to some extent according to the WRSI. Crop failure is predicted across most of Spain, southern Italy, Greece and the Ukraine. According to the FAO (1986) classification, this means that less than 10% of yield potential will be realised in these regions. In other areas the WRSI varies from poor to average crop performance, indicating that between 10 and 90 % of potential yield may be achieved without irrigation. The distribution of water-limited sunflower yield for CV. Cerflor is shown in Fig. 3b . Across most of Spain, southern Italy, Greece and southern CIS predicted yields are less than 1 t ha-'. The best yields, of u p to 5 t ha-', are predicted in northern Italy, the shared border of Austria and Hungary, western Germany, and parts of Poland and Russia. All other suitable areas predict yields of between 2 and 4 t ha-'.
Annual wheat and sunflower yield data were extracted from the FAO Production Yearbooks (1975 , EUROSTAT (1992) Narciso et al. 1992 ) to compare against predicted water-limited ylelds from EuroWheat and EuroSunfl. Unfortunately it was not possible to run the models to produce a 30 yr time series of yields from 
E. Europe
1961 to 1990 to compare with this data because only time series of mean temperature and precipitation data are available in the gndded climatology of Hulme et al. (1995) . Fig. 4 shows a comparison between FAO and EUROSTAT reported yields for the period [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] and EuroWheat/EuroSunfl predicted yields for selected European countries. Reported yields include dry matter losses due to stresses from nutrients, pests, diseases, etc., as well as from water and, hence, as expected are generally lower than predicted waterlimited yields for both crops. Most importantly, both models capture the correct spatial pattern of yield levels. The highest yields for wheat occur in northwestern 
THE EFFECTS OF CLIMATE CHANGE
Current winter wheat and sunflower production is constrained in parts of northern Europe by cool summers and, in the case of winter wheat, cold winters. With climate change, increased temperatures may allow these crops to be cultivated in areas where they are currently unsuited. Further, changes in climate are likely to affect the productivity of both crops in regions where they are presently produced. These issues were examined using a number of sensitivity tests and scenarios of possible future climate change. Results from analysing the sensitivity of each sub-model to systematic changes in their input variables are described in Harrison et al. (1995) . Results from applying 3 climate change scenarios are described in the following sections.
Scenarios were constructed from equilibrium and transient general circulation model (GCM) experiments using the methodology described by Barrow et al. (1996) (Table 4) . Equilibrium experiments are used to analyse the response of climate to an instantaneous doubling of carbon dioxide (COz). The exact date that such a climate might be realised is unknown, but it is not expected before the latter years of the 21st century at the earliest and probably not until the 22nd century (Barrow & Hulme 1995) . The United Kingdom Meteor- 
Phenological development
All climate change scenarios cause faster rates of wheat and sunflower development, which shortens the length of the growing period. This would lead to a n earlier start to crop growth in the spring and a shorter grain or seed filling period, resulting in reduced yield if management practices are not altered. The magnitude of the shortening of the growing period varies according to the crop and the increases in temperature projected by each scenario. The equilibrium scenario (UKHI) predicts the largest increases in temperature and, hence, produces the greatest reduction in grotving period length for both crops (Figs. 5a & 6a) . The duration from sowing to maturity in southern Europe is reduced by 3 to 5 wk for winter wheat and by 5 to 8 wk for sunflower. In northern Europe a shortening of 4 to 8 wk is observed for winter wheat and 9 to 11 wk for sunflower. There is a strong north-south gradient in the change in the duration from sowing to maturity across Europe resulting in a more uniform timing of maturity dates for both crops. Both decades from the transient model (UKTR) predict lower increases in temperature than the equilibrium model and, thus, the shortening of the growing period is less severe. In the earlier decade (31-40) the duration from sowing to maturity decreases by 1 to 2 wk and 1 to 7 wk across Europe for winter wheat and sunflower, respectively (Figs. 5b & 6b) , whilst in the last decade (66-75) the duration for wheat shortens by 4 to 5 wk in eastern Europe and by 2 to 4 wk in western Europe and for sunflower by 1 to 10 wk across Europe (Figs. 5c & 6c) . Sunflower generally experiences much greater reductions in the length of the growing season than winter wheat. This is because wheat development is modelled through the interaction of thermal time with photoperiod and vernalization, whilst sunflower development is modelled on thermal time alone. This causes wheat development to be less sensitive than sunflower d.evelopment to changes In temperature as both photoperiod and vernalization repress the thermal tlme response.
An expansion in the area of suitability for winter wheat into northern and eastern Europe is predicted for all scenarios. The equilibrium scenario (UKHI)
causes the greatest northwards and eastwards progression in suitability into mid-Scandinavia and most of Russia because of its higher temperature predictions. The area of suitability for sunflower extends northwards into southern Scotland and Scandinavia for the UKHI scenario, into northern Germany, southern England and northern Poland for the earller transient model decade and into southern Finland, southern Sweden and central England in the last transient model decade.
Water-limited yield
Increases in water-limited winter wheat yields and a mixture of increases and decreases in water-limited sunflower yields are predicted throughout Europe under all scenarios. This is explained by improved rates of assimilation and transpiration from elevated CO2 which compensate for the negative effects of a shorter grain/seed filling penod and of increased PET in all regions for wheat, but in only some regions for sunflower. The patterns of yield change are further influenced by the scenario projections of future changes in precipitation. In general, decreases in precipitation across southern Europe and increases in precipitation in northern and eastern Europe are predicted for all scenarios. These factors result in the following changes in water-limited yield for winter wheat and sunflower.
Changes in water-limited yield for wheat and sunflower are shown in Figs. ? & 8. Results are highly spatially variable and, hence, only broad patterns of change are described. The largest increases in wheat yields are generally observed in central Europe and the lowest in western Europe and Scandinavia. Predictions for southern Europe are highly variable both within the region and between the scenarios. The patterns of change in sunflower water-llmited yields vary between the equilibrium and transient scenarios. In the equilibrium scenario the largest decreases in yield are found throughout central Europe and yield increases only occur in southwestern Europe. The transient scenarios show moderate increases in yield across northern and eastern Europe and highly variable predictions for southern Europe. Both wheat and sunflower show more positive yield responses to the transient scenarios (UKTR) compared to the equilibrium scenario (UKHI). 
DISCUSSION
The aim of this paper was to develop regional models based on mechanistic principles which enable investigation of the spatial variability of crop responses to climate change. Europe-wide models of winter wheat and sunflower productivity were developed. The models were compared with observed and experimental data reported in the literature and from agricultural experimental stations. Simulated phenology and yield agreed well with reported values across a variety of scales from point observations to country averaged statistics. More importantly, the large-scale models capture the correct spatial pattern of winter wheat and sunflower productivity across Europe.
An illustration of the degree to which the Euro' models encapsulate spatial variability in crop responses is shown in Fig. 9 . This figure shows a comparison between the EuroWheat model and 4 site-specific wheat models [AFRCWHEAT2 (Porter 1984 , Weir et al. 1984 , NWHEAT (Groot 1993) , Sirius (Jamieson et al. 1996) and CERES-Wheat (Ritchie & Otter 1985 , Godwin et al. 1990 )l at 2 sites in Europe (Rothamsted, UK, and Seville, Spain). Results for EuroWheat are given for the 0.5' latitude/longitude grid cell which contains each site and the 8 surrounding cells (Fig. 9a, c) . Results from the site-specific models would only be expected to be similar to those from the spatially explicit EuroWheat model if the site is representative of the region. This is close to the case at Rothamsted as the climate and topography of this area of southern England are fairly homogeneous. Fig. 9a shows that predicted yields vary only slightly between the 9 cells and correspond to yields predicted using the site-specific models at Rothamsted. On the other hand, Seville is located in a river valley with mountain ranges to the north and east. This region has a highly variable topography in which elevations range from sea level to 1830 m within the 9 cells. This variability is reflected in the predictions of water-limited yields from the EuroWheat model which vary from 3.6 to 10.2 t ha-' between the 9 cells for the baseline climate (Fig. 9c) . This spatial variability is not captured using the site models where the average yield for current climatic conditions is 6.5 t ha-' for the 4 models (Fig. 9d) . Note that there is also considerable variability between sitespecific models at both sites (see Semenov et al. 1996 .
The effects of the climate change scenarios on the EuroWheat model show a similar direction and magni- tude of response to that exhibited by the site-based models (Fig. 9 ). For example, at Rothamsted all models show small increases in yield for the UKTR31-40 and UKHI scenarios (of approximately 0.5 t ha-') and larger increases in yield for the UKTR66-75 scenario (ranging from 1 to 1.5 t ha-'). At Seville, similar responses occur for the 2 transient scenanos to those described at Rothamsted. However, both the EuroWheat model and the site-based models predict dramatic yield decreases for the UKHI equilibrium scenano. Therefore, the use of mechanistic principles in the Euro' large-scale models appears to emulate the performance of the more complex and data intensive site-specific models. A summary of predicted changes in water-limited yield for winter wheat and sunflower for 4 European regions is shown in Table 5 . Area averaged wheat yields increase for all regions and scenanos. Conversely, water-limited yields for sunflower decrease in some regions under all climate change scenarios. Marginal increases in area averaged sunflower yield are observed for the UKTR66-75 scenario in all regions. This is consistent with the response of wheat where the largest yield increases are found for the last model decade of the transient scenario (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) . The least beneficial effects in the case of wheat or the most neg- The corresponding rate of change in sunflower yields is smaller than for wheat. On average, Europe would experience a decrease in sunflower yields of 0.05 t ha-' from 1990 to 2023 followed by an increase of 0.05 t ha-' decade-' from 2023 to 2064. These differences in crop response can be explained by a number of interacting factors. Higher temperatures cause increased developmental rates and, hence, shorter growing period length. A shorter grain filling (wheat) or seed filling (sunflower) period results in less time to accumulate dry matter and, thus, lower yields. On the other hand, elevated concentrations of atmospheric CO2 cause increased assimilation rates and, hence, higher potential yields, counteracting the negative effects of a shorter growing period. Furthermore, in water-limited situations the interaction between increased PET, either increased or decreased precipitation (depending on the scenario) and improved water use efficiency from elevated CO2 further complicates the simulated change in yield. In the case of wheat, relatively small decreases were predicted in the length of the growing period and the beneficial effects from CO2 were large, compared to sunflower. This resulted in moderate to large increases in yield for all climate large European region extending from 35' to 72" N and 11" W to 42" E 'The 15 countries of the European U n~o n 'All European Union regions north of 45" N d~l l
European Union regions south of 45" N change scenarios. Alternatively, the length of the growing period for sunflower was reduced dramatically and the direct effects of CO2 were less than for wheat. This resulted in moderate decreases in yield for sunflower for most scenarios. The differences between the responses of the 2 crop types can be explained as follows. Firstly, the rate of progress of winter wheat to maturity is repressed in the EuroWheat model through the interaction of photoperiod and vernalization during the overwintering phase of development. Such interactions are not present in the EuroSunfl model, making it more sensitive to increases in temperature. Secondly, experimental evidence suggests that sunflower benefits to a lesser extent from increased concentrations of atmospheric CO2 than winter wheat. Both crops exhibit similar spatial patterns of response to the climate change scenarios. The lowest yield increases or the highest yield decreases are observed in western Europe and parts of southern Europe. The greatest increases in yield occur in central, eastern and parts of southern Europe. Lowest yield increases for wheat are centred over France, the United Kingdom and the Ukraine, whilst for sunflower the largest yield decreases cover France, Spain, Italy and the countries of southeastern Europe. The most positive changes in wheat and sunflower yield are focused over Germany, Poland, Czech Republic, Hungary, western Russia and scattered areas of southern Europe. A key factor determining the spatial vanability of crop response may be the pattern of precipitation change projected by the GCMs. All the climate scenarios are generally wetter in northeastern Europe and drier in southwestern Europe which may explain the more positive results derived for central and eastern regions of Europe, compared with western and southern regions. Predicted changes in yield for southern Europe are highly variable, showing both yield increases and decreases within small regions. In some regions of southern Europe increases in yield occur because the growing period is reduced so that the period when the crop demands most water is shortened and no longer coincides with a time of minimum water availability.
There are many uncertainties in projections of future climate change from GCMs which must be considered when interpreting impacts. The analyses described in this paper are based on 2 GCM experiments (UKHI and UKTR), but both crop models have been applied to comparable scenarios constructed from an alternative transient GCM experiment [Geophysical Fluid Dynamics Laboratory (GFDL), Princeton University, USA; Manabe et al. 1991, 19921 . Only minor differences were found between the impacts of the UKTR and GFDL scenarios. Specifically, increases in winter wheat yield were very slightly greater in the GFDL scenarios, particularly in southern Europe. For sunflower more positive changes in water-limited yield tended to be found in the GFDL scenario for the early model decade, but not for the later decade.
The method presented here is limited by the temporal and spatial scale of available data. The use of monthly data meant it was not possible to examine the effects of extreme climatic events on wheat and sunflower. Time series of climatic data were not available which prevented analyses of interannual variability in crop yields. The spatial climatic database for Europe is currently being developed to include time series information for all variables necessary to calculate optimum crop yields (E. Barrow pers. comm.). Hence, future research will employ the spatial models to investigate changes in year-to-year variability in production. Spatially detailed soils and management data were not available across the large European region and, hence, crops were assumed to be cultivated under rain-fed conditions with no nutrient limitations. Pests, weeds and diseases were also not included in the models.
To alleviate negative yield changes (or maximise positive changes) farmers will optimise their management practices to adapt to changing climatic and atmospheric conditions by, for example, changing to a n earlier sowing date or to a variety better suited to a warmer growing season. The next phase of research will consider possible adaptive strategies which can either further improve yields (wheat) or maintain current production levels (sunflower) under climate change.
